Abstract: String consistency conditions are stronger than anomaly cancellation and can require the addition of exotics in the visible sector. We study such exotics and demonstrate that they may account for the modest excess at 750 GeV in recent diphoton resonance searches performed by the ATLAS and CMS collaborations. In a previous analysis of type II MSSM D-brane quivers we systematically added up to five exotics for the sake of satisfying string consistency conditions. Using this dataset, we demonstrate that 89780 of the 89964 quivers have exotics, 78155 of which include singlets that may couple to MSSM or exotic multiplets with coupling structures governed by U (1) symmetries that are often anomalous. We demonstrate that certain sets of exotics are far preferred over others and study the structure of singlet couplings to heavy exotics carrying standard model charges. Typical possibilities include singlets that may decay to vector-like quarks and / or vectorlike leptons and subsequently to two photons. We show that a narrow width diphoton excess can be accounted for while evading existing bounds if multiple exotics are added, with vector-like leptons of mass M L 375 GeV and vector-like quarks with masses up to 3 TeV. However, a large width (Γ/M ∼ 0.06), as suggested by the ATLAS data, cannot be easily accommodated in this framework. Renormalization group equations with GUTscale boundary conditions show that these supersymmetric models are perturbative and stable. Type IIA compactifications on toroidal orbifolds allow for O(10) Yukawa couplings in the ultraviolet. We also discuss the possibility of accounting for the diphoton excess in a low string scale scenario via the decay of string axions.
Introduction
The ATLAS and CMS experiments have both seen [1] [2] [3] an excess in diphoton final states at 750 GeV using 13 TeV data collected in 2015.
Though the global significance of this excess is < 3σ, it is interesting to ask whether there are simple models that could explain the excess. Many models have been proposed that can account for the excess. (For an earlier study, see [80] ). These include models where the 750 GeV particle is a boson that decays to two photons via heavy charged fermions running in a loop or directly via an axionic coupling to the hypercharge field strength.
It is also interesting to investigate whether some of the models may be natural remnants of an ultraviolet completion, such as string theory. (For an interpretation within the F-theory context see [61] .) In this paper we will primarily focus on models in which visible sector exotics must be added for the consistency of string compactifications; for concreteness we will work in the context of type II orientifold compactifications, though similar ideas also apply in other areas of the landscape. More specifically, chiral matter spectra in type II compactifications are subject to string consistency conditions that go beyond typical anomaly cancellation conditions, and nearly all bottom-up realizations of the minimal supersymmetric standard model (MSSM) in this context do not satisfy the constraints, even though the MSSM is anomaly free. Such theories can be consistently embedded in string theory only if exotic matter is added. These conditions not only motivate the existence of exotics, but also dictate their couplings.
In this sense, string consistency conditions provide a well-motivated method for expanding around the MSSM 1 and exploring gauge sectors that may live nearby. In previous work [81] we systematically added matter fields to MSSM realizations that would otherwise violate string consistency conditions; up to five matter fields beyond the exact MSSM spectrum were added in the most general way possible in type II theories. In this work we will further refine our study of this dataset, systematically examining the possible sets of SM charges of exotics, the prevalence of singlets, and their Yukawa couplings to other fields. Using string consistency as a guiding principle, the most natural possibilities for exotics are standard models singlets, vector-like quarks and leptons, and triplets of SU (2) L that do not carry hypercharge; these may be relevant for explaining the diphoton excess. Notably in all of these models, any vector-like exotics are vector-like with respect to the standard model, but chiral with respect to an additional U (1), and hence it is plausible that they would survive to low scale; in some scenarios their mass may be correlated with the µ-term or other scales in the visible sector, but we leave such a study for future work.
The second possibility we consider is a string embedding of a simplified model. If the standard model is augmented by a pseudoscalar φ that interacts with gluons and photons via the effective couplings
where F Y and G are the weak hypercharge and QCD field strength, then there is a simple mechanism for φ production via gluon interactions and a subsequent decay into two photons. Such axionic couplings are ubiquitous in string theory, as they account for the generalized Green-Schwarz mechanism of anomaly cancellation in string theory compactifications. For example, in type II string theory they arise from dimensional reduction of the of WessZumino D-brane action. (See [82] and references therein.) We consider these couplings in the context of type II compactifications in section 3, focusing on the interplay between anomalous U (1)'s, axionic couplings, and the low string scale necessary to give decay rates into photons large enough to account for the diphoton excess.
In section 4 we provide a first look phenomenological analysis of these models and in section 5 we present an extended phenomenological analysis that first appeared in our February 2016 preprint addendum [83] .
Rules for model building and exotics from string constraints
Before beginning, we would like to summarize the rules for bottom-up model building imposed by weakly coupled type II compactifications with intersecting D-branes. In appendix A we give a more detailed overview of the basic ingredients of type II orientifold compactifications and how they give rise to low energy gauge sectors. These rules are important for the rest of the work, as they are necessary for gauge sector embeddings into intersecting brane models and they differ from those typically considered in quantum field theory. We will state these rules concisely here; further details are presented in the appendix.
The rules for model building in weakly coupled compactifications with intersecting branes are somewhat rigid. We will use the language of the type IIa theory, though the statements hold equally well for type IIb or type I compactifications. The rules are:
• Groups: U (N ) groups are obtained from wrapping N D6-branes on general cycles.
Motivated by this, we consider groups of the form:
though it would be interesting in future work to allow for an Sp(1) factor, since this gives an alternative way of realizing SU (2) L .
• Matter: May only be bifundamental under two U (N ) factors, or a symmetric or antisymmetric tensor of one factor. The orientifold image branes allow for the existence of all signs on bifundamentals; i.e. ( a , b ), ( a , b ), ( a , b ), and ( a , b ) are all possibilities, where a ( a ) denotes the fundamental (antifundamental) of U (N a ). Young tableaux is also used throughout for symmetric and antisymmetric tensor representations.
• Consistency: There are constraints on the chiral spectrum necessary for tadpole cancellation. They are:
T a := #a − #a + (N a + 4) (# a − # a ) + (N a − 4) (# a − # a ) = 0, (1.3) where this is a modular constraint in the N a = 1 case due to the non-existence of antisymmetrics of U (1); in other cases this constraint is an exact equality.
• Massless Hypercharge: There are constraints on the chiral spectrum necessary for the absence of axionic couplings that would give a Stückelberg mass to U (1) Y . For a U (1) that is a linear combination
for N a ≥ 2, and
for N a = 1. The massless hypercharge constraint ensures that there is a linear combination satisfying these equations that can be identified as hypercharge.
• Superpotential Couplings: In addition to their SM charges, all of the fields in the quivers 2 we study will also carry charges under U (1)'s that are often anomalous, in which case the anomalies are cancelled via the generalized Green-Schwarz mechanism. These act as effective global symmetries on the low energy theory at the perturbative level. They impose selection rules on Yukawa couplings, as couplings that are SMinvariant may not be invariant with respect to the anomalous U (1)'s; throughout we will consider the holomorphic Yukawa couplings of the superpotential. However, D-brane instantons [84] [85] [86] can generate these operators non-perturbatively, or the exotics could obtain masses via expectation values of singlets [87] .
In particular, throughout when we speak of a quiver, we mean one with gauge groups and matter that follow these rules, and when we speak of an MSSM quiver, we mean one whose chiral supermultiplets precisely match the MSSM, without three right-handed neutrinos 3 . When we speak of a consistent quiver, we mean one with a chiral spectrum satisfying the conditions (1.3) and also a massless hypercharge, even though the latter is required only for phenomenological consistency rather than theoretical consistency.
The conditions (1.3) necessary for tadpole cancellation play a critical role in this paper; we will explain in section 2 how they can be practically used to guide the addition of exotics. Here, though, we would like to recall associated theoretical issues. Namely, for N a > 2 the condition (1.4) is equivalent to the condition for the cancellation of cubic non-abelian anomalies associated to SU (N a ). However, tadpole cancellation also requires that conditions be satisfied for N a = 2, 1, and there are no non-abelian anomalies for these groups: tadpole cancellation imposes stronger constraints than typical anomaly cancellation [88, 89] . The constraints for N a = 2, 1 are necessary but not sufficient for tadpole cancellation, necessary but not sufficient for U (1) a ⊂ U (N a ) anomaly cancellation [90, 91] , and necessary and sufficient [92] for SU (M + N a ) 3 anomaly cancellation if the system were to nucleate M brane anti-brane pairs, embedding U (N a ) into U (M + N a ). To our knowledge, this anomaly nucleation is the only known pathology that the constraints (1.3) are necessary and sufficient for avoiding. We refer the reader to [92] for an in depth discussion of all of these issues.
Scalars and Heavy Exotics
Given these model building rules, in this section we will recall how our previous work [81] used the tadpole constraints to expand around the MSSM, constructing all consistent quivers with up to five exotics beyond the MSSM spectrum, adding them only for the sake of consistency of the theory. We will then turn to a new analysis, studying in that dataset the SM quantum numbers of all possible exotic sectors, those that involve singlets, those that involve one singlet (and thus might present a simple model for the diphoton excess), and also the perturbative couplings of models with one singlet.
Results of a systematic analysis
Let us review some of the basic results of [81] . We considered three-stack and four-stack D-brane models, which have
gauge symmetry, respectively. The hypercharge is a linear combination
of the U (1) factors, some of which are the trace parts of U (N )'s. Such a linear combination is typically referred to as a hypercharge embedding. It is possible to classify the possible hypercharge embeddings for both three-stack and four-stack D-brane models, and they are explicitly listed in section 3. Once the hypercharge embedding is specified, it is straightforward to classify all possible ways that each MSSM chiral superfield may arise in the quiver, according to the rules discussed in the introduction. This gives all possible ways that the MSSM could potentially be embedded for a particular hypercharge embedding and number of brane stacks into intersecting D-brane configurations. However, most such MSSM quivers do not satisfy the tadpole cancellation conditions (1.3), in which case the embedding of that MSSM sector into a D-brane compactification requires the addition of exotics. This can be done systematically, given the rules for how matter may arise, in order to make an inconsistent MSSM quiver into a consistent quiver with the MSSM plus exotics. This was the method pursued 4 in [81] . Note in particular that pairs of chiral multiplets that are vector-like with respect to all symmetries of the theory never arise via this algorithm, since they cannot contribute to (1.3) and therefore they cannot make an inconsistent quiver consistent. Furthermore, such completely non-chiral pairs would not be protected from obtaining string scale masses.
The number of times exotic fields of a given SM charge occurred in the quivers of [81] is reproduced in table 1. There are a few things we would like to note about the results:
• String constraints have a clear preference for some multiplets over others! 4 A similar approach where instead messengers to hidden sectors were added for consistency of the theory was pursued in [93] . Vector-like lepton dark matter motivated in part by such constraints was studied in [94] and singlet-extensions of the MSSM were also studied in [87] . Table 1 . Displayed are the standard model representation of matter additions obtained in [81] , together with their total multiplicity across all three-node and four-node quivers. The third column excludes quivers involving states that would lead to fractionally-charged color singlets. The fourth further excludes those where the matter additions correspond to a fourth generation, while the last also excludes a charge-shifted fourth generation. The remaining additions correspond to MSSM singlets, SU (2) triplets with Y = 0, and quasichiral pairs.
SM
• Fourth families and charge-shifted fourth families are subtracted to arrive at the last column, along with multiplets giving rise to color-singlet states with fractional electric charge. From this column we see that these possibilities occurred a relatively small fraction of the time.
• The most common exotic chiral multiplet is a standard model singlet (1, 1) 0 , and it occurs over three times as many times as any other exotic. Note that though it is a singlet with respect to the standard model, these singlets are always charged under anomalous U (1)'s, and therefore can have an intricate pattern of couplings to MSSM fields or to other exotics.
• Next most frequent in the list is a chiral multiplet with SM charge (1, 3) 0 .
• From there, we see a variety of exotic quarks and leptons, and from the relative multiplicities in the last column it is easy to see that they often come as pairs that are vector-like with respect to the SM.
• Any such pairs are vector-like with respect to the standard model, but chiral with respect to some U (1), which is often anomalous. We call such vector pairs quasichiral.
These preferences and statistics of quivers represent the possible (small) extensions of the MSSM that may be embedded in type II intersecting D-brane models, which may or may not be correlated with statistics of global string embeddings that realize them or of cosmological vacuum selection.
Models with singlets and charged exotics
In this section we would like to explore further aspects of the dataset of [81] as it relates to the possible sets of exotics, those sets with multiple singlets, those sets with one singlet, and then we will discuss perturbative couplings of the singlets in models with one singlet, the structure of which (at the perturbative level) is dictated by the anomalous U (1) charges of the chiral multiplets.
In table 2 we present all possible exotics that arise in the quivers, binned according to their SM charges. In each case, the number of quivers with that set of exotics is listed. Within the quivers for a given set of exotics the anomalous U (1) charges of fields may differ, and therefore so does the perturbative superpotential. We will return to a study of singlet couplings below. Just as table 1 demonstrates that some exotics are much preferred over others, table 2 demonstrates that some exotic sets are much preferred. The six most common sets are
We see an interesting array of exotic sectors. All have more than one singlet, and there are often vector-like quarks, vector-like leptons, or the Y = 0 SU (2) L triplet. Less prevalent, though still very common, are models with exotic sectors of the form
, which have a singlet, as well as exotic vector-pairs of both down-type quarks and leptons. There are many other interesting possibilities in table 2, some of which also occur frequently, though some exotic sets occur very infrequently.
In tables 3 and 4 we present the same data in a different form. In the former we restrict to exotic sets with at least one singlet, and in the latter we restrict to cases with exactly one singlet, since these two restrictions are perhaps most relevant for explaining the diphoton excess.
Finally, we have also performed an analysis of all renormalizable, perturbative couplings of singlets, including in particular their Yukawa couplings. The presence or absence of these couplings is determined by the SM charges and anomalous U (1) charges of fields in the quiver, including the exotics. The results are presented in tables 7-15 in the appendix. The tables should be read as follows. In the first column is a set of exotics with their SM charges, and the second contains its multiplicity; suppose it is N . These N quivers differ in their anomalous U (1) charges, which can affect the allowed couplings of singlets to other fields. Therefore, given a set of exotics in column one we list all the possible singlet couplings to fields of certain SM charges in column three, and the associated number of quivers with those singlet couplings in column four.
One important point about the quivers that is captured in the coupling tables is worth discussing. Fix a quiver, and suppose that the exotic set consisted of a singlet S and vector-like leptons X and X with hypercharge ± 1 2 respectively. Depending on its couplings to other fields in the quiver, it may be that X is better identified as H d or L, and one of those is better identified as an exotic; that is, the labels are arbitrary and applying them correctly depends on the couplings. Therefore, in such a quiver one should really consider the perturbative singlet couplings to all fields, since this ambiguity may arise. For example, collecting some fields with the same SM charge
all perturbatively allowed singlet couplings in
should be considered. In this model, there would be 10 possible couplings of the form SF F according to the 2 × 5 matrix, but we compute how many are there at the perturbative level by determining invariance under anomalous U (1)'s. If only the couplings involving X were allowed, but not H u , then we write
) in the table, denoting that there are 5 perturbatively allowed couplings. Similar comments apply to the other fields.
Examining the coupling tables in the appendix, one sees that there are a broad variety of possible singlet couplings to MSSM fields or other exotics in these quivers. Often the couplings are to both types of fields, but typically after diagonalization of the mass matrices they only have significant couplings to the massive exotic pair. We study such models in detail in section 4.
Generalized analysis and remarks
Though we derived many concrete results in the previous section, there are results that are quite general in this class of models that can be understood analytically. In this section we would like to discuss a few of them.
First, we emphasize that all vector-like exotics X, X that appear in these models are Exotics Multiplicity Exotics Multiplicity Exotics Multiplicity Table 2 . The multiplicities of exotic sectors, binned according to their SM quantum numbers. The multiplicities decrease left to right, then down rows.
chiral with respect to one or more U (1)'s, and therefore the associated mass term is forbidden in perturbation theory. However, the masses may be generated by a singlet VEV
where in many cases S M may be the field associated with the diphoton excess 5 . They may also may be generated non-perturbatively in some cases by D-brane instantons [84] [85] [86] that Exotics Multiplicity Exotics Multiplicity Exotics Multiplicity Table 3 . The multiplicities of exotic sectors that contain singlets.
Exotics
Multiplicity Exotics Multiplicity Exotics Multiplicity break the anomalous U (1) to a discrete subgroup. In this case they have the form
where T is a chiral superfield that completes a metric modulus of the compactification.
These vector-pairs are chiral with respect to a non-SM symmetry (i.e., quasichiral) and are therefore protected from receiving a string scale mass. Depending on details of the compactification, and possible correlations with other couplings (for example, if the same effect that generates the µ-term also generates a mass for XX), these fields may be present at the electroweak scale.
Second, consider an operator O and its possible coupling to S, namely SO. For singlets typically considered in the literature, and in particular considered in many works on the diphoton excess, it is assumed that if O is an operator allowed by the symmetries, then so is SO; after all, S is a singlet. In contrast, in all of the models of this section S is a particular type of field arising from an open string ending on two intersecting D-branes; though it is a SM singlet, it is charged under one or more anomalous U (1)'s. Thus, if the perturbative superpotential contains
then SO never appears in the perturbative superpotential. This provides a certain type of barrier to the visible sector; for example, for any perturbatively allowed MSSM Yukawa coupling O Y , SO Y is forbidden by anomalous U (1)'s. This is perhaps most relevant if the top-quark Yukawa couplings is O(1) due to being perturbatively allowed; in this case the interactions of S with the top quark are reduced, and in particular SQ L H u u c l is either completely absent, non-perturbative, or otherwise suppressed.
Finally, the field T ∼ (1, 3) 0 occurs very frequently in these quivers but has particular couplings. It necessarily arises as a symmetric tensor of U (2) 
, and this forbids all singlet couplings of the form ST T . Thus, though many quivers contain T , there is never a perturbative Yukawa coupling that allows for S decay into T T ; only some of the exotics can run in the loops that contribute to singlet decay into photons.
Pseudoscalars and Hypercharge Embedding
Within string compactifications there is another natural mechanism for production and decay of pseudoscalars (axions), related to the generalized anomaly cancellation mechanism.
While consistent string constructions of course have to be compatible with standard field theory anomaly cancellations for the non-abelian gauge fields as well as the nonanomalous U (1)'s, such as the hypercharge, string theory provides further constraints due to the Green-Schwarz mechanism: these are constraints that arise due to triangular anomaly cancellation for anomalous U (1)'s via exchanges of the string axions coupled to the ChernSimons terms.
As a prototype, gauge theories in type II string compactifications not only contain nonanomalous nonabelian and abelian factors, as in the standard model, but also generically include anomalous U (1) factors of the trace generator of a U (N ) factor. Matter fields of the same standard model representation can in principle carry different charges with respect to the anomalous U (1)'s, as they correspond to the appearance at the intersection of different pairs of D-branes. The Wess-Zumino component of the D-brane worldvolume action provides the necessary Chern-Simons couplings, responsible for the cancellation of abelian and mixed anomalies associated with the anomalous U (1)'s.
The structure of four-dimensional Chern-Simons terms is of the form:
where F i are the field strengths of the U (N ) i gauge bosons and a specific combination of 0-forms φ i and its Hodge dual 2-forms B i both possess an axionic shift symmetry. (For details and references therein, see, e.g., [82, 95] .) The coefficients of the linear combinations of the 0-and 2-forms appear precisely in a combination that cancel all abelian and mixed gauge anomalies. Furthermore the last term above is also responsible for a generic appearance of the Stückelberg mass for the anomalous U (1) i . 6 Furthermore the term φ i R ∧ R is necessary for cancellation of mixed abelian-gravitational anomalies [98] . It is the Chern-Simons coupling of an non-anomalous U (1) Y that can be responsible for the decay channel of a string axion into diphotons: 
In the four stack Standard Model constructions with
there are six possibilities for the hypercharge [99] , many of which were already determined in [100] :
In all these cases the component of
. Thus, the D-brane compactifications naturally provide a decay diphoton channel via Chern-Simons coupling (3.2) to hypercharge gauge bosons. Note, however, for the couplings (3.2) to produce a large enough signal, the string scale M st has to be low, i.e. in the TeV regime.
A possible production channel could in principle be due to the Chern-Simons terms
where G corresponds to the gluon field strength and φ is a (normalized) axion field that also couples to (3.2). However, φ's 2-form Hodge dual should not couple to U (1) a to avoid a U (1) a Stückelberg mass due to φ and thus resulting in a U (1) a gauge boson mass at 750 GeV.
We however note that the weakly coupled D-brane constructions necessarily result in U (1) a × SU (2) 2 b mixed anomalies due to the presence of Q L 's, which cannot be cancelled, unless one introduces "mirror" quark doublets. Therefore, the Stückelberg term B a ∧T r(F a ) has to be present. However, the 2-form B a field can be Hodge dual to a different axion field φ a . Note that the Ramond-Ramond axion fields are ubiquitous in Type II compactifications and thus a different φ a can participates in U (1) a anomaly cancellation. Concrete constructions of this type would require further analysis.
On the 750 GeV Diphoton Excess: A First Look
In this section we examine whether the singlets and exotics most frequently found in our quivers of section 2 may account for the diphoton excess, reserving a more refined analysis for the next section. We leave a detailed analysis of the low string scale scenario of section 3 to future work. A number of works have already appeared on explaining the diphoton rate from decays of singlets into loops of charged exotics. In this section we will not try to address all of those works, but will instead base our analysis on Franceschini et al. in [8] .
The perturbative superpotential couplings of singlets to other exotics discussed in section 2 induce Yukawa couplings of a complex scalar boson s of mass M to exotic Dirac fermions X with mass M i , charge Q i , and color representation r i of the form
where the scalar versus pseudoscalar interaction depends on the detailed properties of s. The decay widths into GG and γγ induced by associated fermion loops are [8, 101]
for s a scalar, and
for s a pseudoscalar, where T 3 and n 3 are the Dynkin index and dimension of the color representation r i and
with τ i = 4M 2 i /M 2 and M the mass of s. In the scalar case additional loops involving spin-0 particles are possible, with couplings given by A-terms in the supersymmetric case.
We first orient ourselves by making some optimistic assumptions to maximize the decay rates Γ(s → GG) and Γ(s → γγ). We assume a pseudoscalar decay since it gives a larger rate, take each M i = M/2, and assume that each Yukawa couplings y 5i = 1. Given these assumptions, the rates (4.3) simplify to
where the only information left in the sum is the group theoretic data. Studying singlet couplings to exotics that arise in our quivers, as listed in appendix B, we compute the decay rates of the singlet in table 5. Comparing to the left side of figure 1 of [8] , we see that the last five entries of our table 5 may account for a narrow diphoton resonance at 750 GeV; in particular, it falls on their blue band where Γ tot = Γ GG +Γ γγ . Vector-like down-type quarks by themselves, on the other hand, do not have a high enough decay rate into photons to account for the signal. The width could be larger if one allows for the possibility M i < M/2, or for decays into exotics without color and/or electric charges, but then one would need additional exotics to increase Γ(s → GG) and Γ(s → γγ).
We would like to emphasize that most of the possible singlet couplings in appendix B give rise to one of the scenarios in table 5, sometimes by a field redefinition so that scenarios which look like they have many fields of a given SM charge coupling to s in fact have one after the field redefinition.
We also emphasize that this analysis is not the result of phenomenological model building, but instead utilizes string consistency conditions to necessitate (in most cases) the addition of exotics, which almost always include singlets with interesting couplings to other fields. In many cases these singlets can couple to heavy fermion exotics and account for the excess in ATLAS and CMS diphoton searches at 750 GeV. Table 5 . Exotic sets with perturbative couplings to the singlet pseudoscalar. In each case the conjugate is included. The widths assume α = 1/128, α s = 0.1, y = 1, and M i = M/2 = 375 GeV. The widths would be reduced by a factor ∼6.1 for a singlet scalar.
A Refined Phenomenological Analysis
In this section 7 , we will extend the analysis of the previous section by taking into account additional exotics allowed by the string spectrum and a variety of fermion masses M i consistent with current bounds on vector-like quarks. We will also study the ultraviolet perturbativity of these models (i.e., assuming a large string scale), which can present an issue in some models with vector-like exotics [62, 106, 109, 113, 117, 118, 131, 132] .
Renormalization Group Equations and Infrared Fixed Points
We first consider whether the model can remain perturbative up to a large ultraviolet string scale, e.g., O(10 16 GeV). For definiteness, we assume that the theory is supersymmetric down to the TeV scale, but similar conclusions would hold for a larger breaking scale, or even without supersymmetry.
We consider models where the 750 GeV particle is a scalar degree of freedom in a chiral supermultiplet S that couples to N i exotic vector-like chiral multiplets X i , X i in the superpotential via a Yukawa coupling γ i SX i X i . The exotics X i and X i transform as (n i 3 , n igroup equations
where β g i ≡ dg i /dt with t = ln(µ/µ 0 ). T a (i) is the Dynkin index for representation i in group a. The Dynkin indices of low-dimensional representations are T 3 (i) = (3, 1/2, 0) for n i 3 = (8, 3, 1), T 2 (i) = (2, 1/2, 0) for n i 2 = (3, 2, 1), and T 1 (i) ≡ 3 5 y 2 i . We have used the GUT-normalized gauge coupling g 1 for U (1) Y , which is related to th ordinary g by g 1 = 5/3g . The beta functions for the Yukawa coupling γ i are [see, e.g., [133] ]
where C i 2 (a) is the quadratic Casimir: C 3 2 (i) = (3, 4/3, 0) for n i 3 = (8, 3, 1); C 2 2 (i) = (2, 3/4, 0) for n i 2 = (3, 2, 1); and
The specific set of models we will study have the MSSM spectrum (which can optionally include three right-handed neutrinos) augmented by N Q (3, 2) 1/6 + (3, 2) −1/6 pairs, N U (3, 1) 2/3 + (3, 1) −2/3 pairs, N D (3, 1) −1/3 + (3, 1) 1/3 pairs, N L (1, 2) −1/2 + (1, 2) 1/2 pairs, and N E (1, 1) 1 + (1, 1) −1 pairs, all of which occur frequently in the type IIA compactifications [81, 104] . The subscripts denote that one of the chiral multiplets in the pair has the same MSSM quantum numbers as the associated MSSM superfield, e.g., Q, U, D, L, E. The Yukawa couplings in this model will be labeled similarly, i.e., γ Q , γ U , γ D , γ L , γ E . The beta functions for the gauge couplings are
Those for the Yukawa couplings are
where
We will study models with specific values for the tuple
The perturbative nature of specific models is ensured in part by the existence of infrared fixed points. Let us first justify this range of UV Yukawa couplings in type IIA compactifications with intersecting D6-branes, which are one of the contexts for our previous work [104] . We shall focus on the allowed magnitudes of the Yukawa couplings at the string scale. These were calculated exactly at the string (world-sheet) tree level for toroidal compactifications in [134] (for related works see, [135] [136] [137] ). The full expression (both classical and quantum part of the string tree level amplitude) for branes wrapping factorizable three-cycles of T 6 = T 2 × T 2 × T 2 is written as (see, eq. (3) of [134] ):
Here the chiral superfields are localized at the intersections of pairs of D6-branes, which intersect at respective angles πν j , πλ j , and π − πν j − πλ j on the jth two-torus. A j (m) is the area of the triangle formed by the three intersecting D6-branes on the j-th twotorus and g s = e Φ/2 , with Φ corresponding to the Type IIA dilaton. The beta function B(p, q) is defined in terms of Γ(p) functions as B(p, q) ≡
Γ(p+q) . The coupling is between two fermion fields and a scalar field, i.e., the massless states appearing at the respective intersections, whose kinetic energies are taken to be canonically normalized.
The magnitude of Yukawa couplings can be surprisingly sizable, reaching O(10), while having the string coupling still perturbative. The choice of brane angles and disc instanton areas that maximize the Yukawa coupling are ν j = λ j = 1 − ν j − λ j = 1 3 (j = 1, 2, 3) and A j (m = 1) = 0, respectively. Taking these values and a perturbative string coupling g s = 0.2, the Yukawa coupling is γ = 17. Since γ ∝ g s the Yukawa coupling can be even higher while remaining within a perturbative string framework. Taking universal angles for all tori ν j =: ν and λ j =: λ, the dependence of γ on these angles is presented in Figure 1 , which demonstrates that for zero disc instanton area the Yukawa couplings γ are > 1 for a wide variety of angles. In summary, perturbative Type IIA string theory therefore allows for a range of γ including large values in the interval γ ∈ [O(1), O (50)].
We now turn to an approximate analytic analysis of the range of Yukawa couplings in the IR regime, in particular for γ Q . We will demonstrate that for a broad range of UV boundary conditions γ Q robustly approaches an approximate IR fixed point, governed by the IR value of g 3 , the largest gauge coupling. (Note, for example, an early analysis of such an IR behavior for the fourth family Yukawa couplings within the MSSM [138] .) First one observes from (5.4) that γ L tends to decrease in the IR regime due to a positive, dominant contribution from γ Q and a smaller, negative contributions from g 2 . We shall reconfirm post-factum that for γ L = O(1) in the UV, γ L < γ Q in the IR.
To illustrate the IR fixed point behavior, let us study the beta function for γ Q in (5.4) in the case of only Q exotics, i.e., N Q = 0 and N U,D,L,E = 0. For simplicity we neglect g 1,2 relative to g 3 and replace the running g 3 with its (approximately "constant") IR value at Λ IR ∼ 1 TeV. This approximation is justified since the gauge couplings run logarithmically with the scale Λ, while the IR fixed point for Yukawa couplings is approached with a power-law for Λ. With these approximations we obtain:
which is easily solved to yield 
2(1+3N Q
. We thus observe an IR robust fixed point governed by a. Although (5.8) gives a reasonable approximation to γ Q , we will use the exact solutions to (5.4) in our subsequent analysis.
Perturbative and Stable Models of the Diphoton Excess
The existing experimental bounds on new vector-like fermions are very model dependent. Assuming decays into standard model particles such as D → W t, Zb, or Hb the current 95% C.L. lower limits are in the range 740-900 GeV [139] or 575-813 GeV [140] for CMS and ATLAS, respectively. The corresponding limits for a heavy charge-2/3 quark are 720-920 GeV [141] and 715-950 GeV [140] . Those for charged and neutral leptons are much weaker, typically around 100 GeV [142] , although some mass ranges up to ∼180 GeV are excluded [143] . We will simply assume M i 750 GeV (quarks) and 200 GeV (leptons).
We consider models with N L vector-like lepton doublets and N D down-type quark chiral supermultiplets that couple in the superpotential to an MSSM singlet S that contains a The partial width Γ(s → GG) must satisfy Γ GG /M ≥ 8 × 10 −7 to be in the preferred blue band on the left side of Figure 1 in [8] . We study Γ GG /M ≥ 2 × 10 −6 , for which the blue band flattens out and the analysis of the rate into two photons is simplified. For N D = N L = 3, 2, 1 the rate Γ GG is computed in Figure 2 as a function of the exotic quark mass M D . Γ GG /M ≥ 2 × 10 −6 for M D 3270, 2380, 1430 GeV, respectively, well within vector-like quark bounds. These exotic representations embed into 5 + 5 * pairs, which maintain MSSM-like gauge unification to lowest order, and N D = N L = 3 is motivated by E 6 models.
For Γ GG /M ≥ 2 × 10 −6 , the partial width into photons must satisfy [8] 6 × 10 −7 Γ γγ /M 2 × 10 −6 at 2σ, assuming no other contributions to the width. The E 6 motivated model (N D , N L ) = (3, 3) and the minimal model that can account for the data (N D , N L ) = (1, 2) are presented in Figure 3 . In each plot M D goes up to the maximal value that allows for Γ GG /M ≥ 2 × 10 −6 . In both cases obtaining a large enough Γ γγ /M requires M L 375 GeV, while obtaining a large enough Γ GG /M requires M D 3.3, 1.6 TeV, respectively. 
Conclusions
One possible interpretation of the 750 GeV diphoton excess is a new scalar or pseudoscalar resonance, coupled to gluons and photons through loops of exotic vector-like fermions. Such scalars and exotics are common in string theory, and we have previously argued that they are required by tadpole cancellation conditions in many weakly-coupled intersecting brane constructions. In this paper we reexamined the dataset of D-brane quivers that contain the MSSM and found that many of them indeed contain standard model singlets that could be candidates for the 750 GeV particle, as well as having perturbatively-allowed Yukawa couplings to exotic vector-like fermions. Only certain quantum numbers for those exotics are common, especially left and right-chiral pairs of SU (2)-doublet leptons with electric charges 0 and −1, SU (2)-singlet leptons with charge −1, and SU (2)-singlet down-type quarks with charge −1/3. Up-type SU (2)-singlets with charge 2/3 and doublets with charges 2/3 and −1/3 also occur, but less frequently. In each case the pairs are non-chiral with respect to an additional perturbative global symmetry that prevents them from obtaining a string-scale mass.
Following the phenomenological analysis in [8], we showed that the diphoton excess could be accounted for in this theoretical framework with a large ultraviolet string scale (e.g., 10 16 GeV) provided that it is narrow, i.e., the width is mainly due to GG and γγ. We argued that even though the allowed Yukawa couplings could be very large (of O(10) at the string scale, they are typically driven to lower values 1 at low energies due to an IR fixed point. For a low enough number of exotics, the gauge and Yukawa couplings can remain perturbative up to the UV scale (and even be consistent with MSSM-type gauge unification at one loop). The observed diphoton rate can be reproduced for pseudoscalar couplings to fermions for relatively light vector-like lepton pairs, with masses close to 375 GeV, and heavier vector-like quark pairs with masses up to around 3.3 TeV, all safely within present experimental limits but still in the range that could be observed at the LHC. Scalar couplings to fermions give lower rates unless they are enhanced by spin-0 particles in the loops, which involve unknown A-term coefficients in the supersymmetric case. These conclusions are insensitive to the supersymmetry-breaking scale, or even whether supersymmetry survives to low energies.
On the other hand, it would be difficult to accommodate the large (Γ/M ∼ 0.06) width suggested by the ATLAS data in this framework. One would require either large Yukawa couplings in the IR or a large number of exotics, either of which would lead to strong coupling at the TeV scale. 
2.8 × 10 
A Weakly coupled type II compactifications with orientifolds and Dbranes
We will now review basic facts about weakly coupled compactifications with intersecting D-branes and orientifolds that provided the context for the rest of the paper.
Compactifications of the type IIa or IIb superstring on a Calabi-Yau threefold X preserve N = 1 supersymmetry in four dimensions. We consider such a context even though our analysis focuses more on possible exotic sectors than the presence or absence of supersymmetry at the weak scale. For the sake of concreteness we use the language of intersecting D6-brane models in the type IIa theory, even though the results apply equally well in the type IIb theory with intersecting D7-branes or the type I theory with D9-branes. One advantage of the type IIa theory is that the chiral spectrum of the theory is geometrically determined by the intersections of the D6-branes rather than an interplay between brane intersections and worldvolume fluxes as in the type IIb and type I cases.
In the type IIa theory a stack of N D6-branes on a special Lagrangian three-cycle π with [π] ∈ H 3 (X, Z) gives rise to a seven-dimensional gauge sector on R 3,1 × π that Kaluza-Klein reduces to an N = 1 gauge sector on R 3,1 . The theory is equipped with an antiholomorphic orientifold involution σ the fixed-point locus of which is a three-cycle π O6 that is wrapped by an O6-plane; under this involution there is also an orientifold image stack of branes on π . If [π] is a general class, that is it does not satisfy special relations with respect to the orientifold, then the N D6-branes on π give rise to a U (N ) gauge theory; if not, the gauge group may be symplectic or special orthogonal. If there are a number of D6-brane stacks on general cycles, each with N i D6-branes in the stack, then these give rise to a Representation Multiplicity Table 6 . Representations and multiplicities for chiral matter at the intersection of two D6-branes.
gauge theory, and chiral matter may arise at brane intersections. The spectrum is determined by the quantization of open strings, and the spectrum is given in Table 6 in terms of topological intersections of D6-brane stacks.
In concrete examples the spectrum is often such that some number of the U (1) i diagonal subgroups of U (N i ) is anomalous, in which case the Chern-Simons couplings of the D-brane give rise to axionic couplings that cancel the anomaly via the generalized Green-Schwarz mechanism. These include couplings of the form φF ∧ F and B ∧ F where φ is the axion, B is its four-dimensional Hodge dual, and F is a U (1) field strength. The B ∧ F induces a Stückelberg mass for the U (1); it is always present if the U (1) is anomalous, but may also be present when the U (1) is non-anomalous if associated φF ∧ F terms are absent. There is a condition on the homology of the cycles wrapped by the D6-branes and O6-plane that is necessary to ensure the absence of certain B ∧ F type couplings; these are discussed in the introduction.
Finally, D-branes carry Ramond-Ramond charge and source associated flux lines in the extra dimensions. For D-branes that fill the non-compact spacetime there is an associated Gauss' law, the so-called Ramond-Ramond tadpole cancellation conditions. In type IIa this is a condition on the homology of cycles wrapped by D6-branes and the O6-plane, given by
where the sum runs over each of the D-brane stacks. This condition places necessary conditions on the chiral spectrum that will necessitate the addition of exotics in many examples.
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